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At synapses, sodium-coupled transporters remove released neurotransmitters, thereby recycling them and
maintaining a low extracellular concentration of the neurotransmitter. The molecular mechanism underlying
sodium-coupled neurotransmitter uptake is not completely understood. Several structures of homologs of
human neurotransmitter transporters have been solved with X-ray crystallography. These crystal structures
have spurred a plethora of computational and experimental work to elucidate the molecular mechanism un-
derlying sodium-coupled transport. Here, we compare the structures of GltPh, a glutamate transporter homo-
log, and LeuT, a homolog of neurotransmitter transporters for the biogenic amines and inhibitory molecules
GABA and glycine. We relate these structures to data obtained from experiments and computational
simulations, to draw conclusions about themechanism of uptake by sodium-coupled neurotransmitter trans-
porters. Here, we propose how sodium and substrate binding is coupled and howbinding of sodium and sub-
strate opens and closes the gates in these transporters, thereby leading to an efficient coupled transport.Neurotransmitter Transporters
Communication between cells in the nervous system is mainly
chemical, through presynaptic release of neurotransmitters,
diffusion across the synapse, and activation of receptors in
the postsynaptic cell (Figure 1A). The released molecules, for
example, glutamate, GABA, serotonin, or dopamine, are subse-
quently removed from the extracellular space and transported
back into the neuron or surrounding glial cells by neurotrans-
mitter transporters. Their removal allows for subsequent release
to exert full effect, as well as to localize signaling action to a syn-
apse (Figure 1B). Removal also prevents the prolonged presence
of high concentrations of neurotransmitter, which can be detri-
mental in other ways. For example, high concentrations of extra-
cellular glutamate are neurotoxic; basal extracellular glutamate
concentration must be kept low (Danbolt, 2001; Grewer and
Rauen, 2005).
Extracellular glutamate is removed from the synapse by trans-
porters called excitatory amino acid transporters (EAATs), which
are expressed in neurons and glia. EAATs belong to solute
carrier family 1 (SLC1; Figure 1C). Serotonin, noradrenaline,
dopamine, GABA, and glycine are removed by neurotransmitter
sodium symporters (NSSs), belonging to solute carrier family 6
(SLC6; Figure 1D). Due to their crucial role of keeping basal con-
centrations of neurotransmitters low, malfunction or improper
regulation of these transporters contributes to neurological and
neuropsychiatric disorders (Gether et al., 2006). For example,
during ischemia in the brain caused by stroke, EAATs can mal-
function and release glutamate, thereby elevating glutamate
levels in the extracellular space to neurotoxic levels and causing
massive neuronal death (Grewer and Rauen, 2005; Rossi et al.,
2000). In addition, many drugs target the transporters, including
drugs of abuse, such as cocaine and amphetamine, as well as694 Structure 21, May 7, 2013 ª2013 Elsevier Ltd All rights reserveddrugs to treat depression, anxiety, obesity, and epilepsy (Kris-
tensen et al., 2011).
A number of structures of the transporters GltPh and LeuT,
homologous to the mammalian EAATs and NSSs, respectively,
have been elucidated in various states by X-ray crystallography
(Boudker et al., 2007; Krishnamurthy and Gouaux, 2012; Pisci-
telli and Gouaux, 2012; Quick et al., 2009; Reyes et al., 2009;
Singh et al., 2007, 2008; Verdon and Boudker, 2012; Wang
et al., 2012; Yamashita et al., 2005; Yernool et al., 2004; Zhou
et al., 2007, 2009). In-depth analysis of these structures and
other proteins with similar structures has been conducted in
several excellent reviews (Abramson and Wright, 2009; Boudker
and Verdon, 2010; Forrest et al., 2011; Krishnamurthy et al.,
2009). Here, we compare side by side the structures of GltPh
and LeuT and relate these structures to data obtained from ex-
periments and computational simulations, to draw conclusions
about the mechanism of uptake by neurotransmitter trans-
porters. We focus on how sodium and substrate binding is
coupled and how binding of sodium and substrate affects the
gates in these transporters, thereby leading to an efficient
coupled transport.
Basic Mechanism of Secondary Active Transporters:
Alternating Access
Neurotransmitter transporters are mainly powered by the Na+
gradient across the plasma membrane. The NSS-type trans-
porters cotransport one to three Na+ (depending on the specific
transporter), most cotransport one Cl, and some countertran-
sport one K+ or H+ per substrate molecule transported (reviewed
in Kristensen et al., 2011) (Figure 2A). The EAAT-type trans-
porters cotransport three Na+ and one H+, and countertransport
one K+, for each glutamate molecule (Figure 2A) (Billups et al.,
Figure 1. Transporter Function and Family Trees
(A) A presynaptic action potential (Vpre) causes synaptic release of neurotransmitter that diffuses across the synapse and activates postsynaptic receptors to
cause an excitatory postsynaptic potential (Vpost). Subsequently, neurotransmitters diffuse out of the synapse and are taken up by neurotransmitter transporters.
(B) (left) Neurotransmitter transporters decrease the chance of neurotransmitter spillover by removing neurotransmitters released at one synapse before they has
reached a nearby synapse. (right) If neurotransmitter transporters are blocked pharmacologically, then neurotransmitters will have a greater chance of reaching
nearby synapses and causing a postsynaptic response in nearby synapses (spillover).
(C) SLC1 family tree containing both aspartate/glutamate and neutral amino acid transporters.
(D) SLC6 family tree containing amino acid, orphan, monamine, and GABA transporters. For comprehensive descriptions of SLC1 and SLC6 family members, we
refer readers to the following excellent reviews: Bro¨er and Gether (2012), Kanai and Hediger (2003), and Kristensen et al. (2011).
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Review1998; Zerangue and Kavanaugh, 1996). The coupling stoichiom-
etries for the bacterial/archaeal homologs of NSS (LeuT) and
EAATs (GltPh) are as follows: LeuT cotransports two Na
+ (Yama-
shita et al., 2005) and GltPh cotransports three Na
+ (Groeneveld
and Slotboom, 2010) per transported substrate molecule
(Figure 2A).
How is coupled transport thought to be accomplished by
neurotransmitter transporters? The models made for most
secondary active transporters involve ‘‘alternating access’’: a
binding site for both substrate and transported ions is alternately
accessible either to the external or the internal solution, but never
to both solutions at the same time (Mitchell, 1957). Two versions
have been proposed for alternating access: the rocker switch
(Figure 2B) (Jardetzky, 1966; Vidaver, 1966) and the two-gated
pore (Figure 2C) (Patlak, 1957). In the rocker switch, the trans-
porter is composed of two domains able to undergo a rigid-
body rocking motion relative to one another so that external
access to the binding site is closed and the internal access
to the binding site is simultaneously opened, or vice versa
(Figure 2B). In the two-gated pore (Figure 2C), a pore across
the membrane is terminated by a gate at each end. Only one
gate is open at any time; both can be closed, but both gates
cannot be open simultaneously. Binding of substrate and theStions from the exposed side of the membrane closes the gate
on that side. The statewith both gates closed around the trapped
substrate is referred to as the occluded state. From the occluded
state, the gate on the opposite side of the membrane can open
and allow the substrate and the ions to diffuse out of the pore,
thereby completing the coupled transport (Figure 2C). Recent
models based on crystal structures of GltPh and LeuT combine
aspects of both the rocker-switch and the two-gate pore
models.
Alternating access can produce either cotransport of ions and
substrate (both transported in same direction across membrane,
as described above) or countertransport of ions and substrate
(ions and substrate transported in opposite directions across
membrane), depending on the postulated rules of switching
between the outward-facing to inward-facing conformations. A
cotransporter switches from one conformation to the other
only when both substrate and coupled ions are bound to the
transporter or when neither is bound (Figure 2D). In cotransport,
the transporter with either only substrate bound or only the
coupled ions bound does not switch between outward and
inward conformations, lest it generate a leak flow of substrate
or the coupled ions. This leak flowwould alter themeasured stoi-
chiometry of substrate and coupled ions and degrade the energyructure 21, May 7, 2013 ª2013 Elsevier Ltd All rights reserved 695
Figure 2. Stoichiometry and Alternating
Access of Transporters
(A) Stoichiometry of uptake of substrate and ions
in NSS, LeuT, EAAT, and GltPh transporters in one
uptake cycle. LeuT transports small hydrophobic
amino acids and GltPh transporters aspartate.
(B and C) Alternating access mechanism in (B)
rocker-switch model and (C) two-gated pore
model.
(D) Model of cotransport of sodium (Na+) and
aspartate (asp) in GltPh.
(E) Model of cotransport of sodium (Na+) and
glutamate (glu) and countertransport of potassium
(K+) in one uptake cycle of EAATs. Only one Na+ is
shown for simplicity in (D) and (E).
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uncoupled Cl leak current (Wadiche et al., 1995), but because
this current is not coupled to glutamate uptake it does not affect
the stoichiometry of coupled uptake. However, some NSSs
display Na+ leak currents (Lester et al., 1996), and these would
be predicted to degrade the energy for coupled uptake in NSS
uptake. A transporter (such as in Figure 2C) functions as a coun-
tertransporter if it can switch between the outward- and inward-
facing conformations only when either substrate or ions are
bound to the transporter, but not when both substrate and ions
are bound or when neither is bound to the transporter (as for
glutamate and K+ exchange in Figure 2E). More complicated
models for co- and countertransport are possible, but, for
example, the EAATs seem to use these simple rules to cotrans-
port Na+/H+/glutamate and countertransport K+ using two gates
that control access to a binding pocket (Figure 2E).
The transport models can accomplish substrate uptake into
the cell by clockwise stepping through the states of the cycle,
or substrate release by counterclockwise stepping through the
states (Figures 2D and 2E). In which direction does the transport
normally occur? The requirement for net secondary active trans-
port is that the free energy drop in transporting the coupled ions
down their electrochemical gradient exceeds the free energy
required for transporting the substrate against its electrochemi-
cal gradient. An EAAT transporter operating under physiological
ionic conditions and voltage is thought to be able to establish a
transmembrane glutamate concentration ratio of 106 (10 mM696 Structure 21, May 7, 2013 ª2013 Elsevier Ltd All rights reservedinside/10 nM outside the cell) (Zerangue
and Kavanaugh, 1996). The direction of
transport or maximal gradient achieved
by the transporter is only determined by
the stoichiometry of the substrate and
transported ions and the thermodynamic
gradient for transport, and not the molec-
ular details of transport or the affinity for
the different molecules in the different
states (but these factors could determine
the kinetics of transport).
So what is the structural basis for how
neurotransmitter transporters implement
alternating access and accomplish a
coupled co- or countertransport neces-
sary for an efficient uptake of neuro-
transmitters against steep concentrationgradients of neurotransmitters? In the next section, we review
which states in the transport cycle have been identified for GltPh
and LeuT.
Crystallographic Structures of Archaeal/Bacterial
Homologs
Atomic resolution 3D structural information on sodium-coupled
neurotransmitter transporters started to arrive in 2004 and
2005 with reports of the structures of GltPh, an archaeal EAAT
homolog from Pyrococcus horikoshii (Yernool et al., 2004), and
LeuT, a bacterial NSS homolog from Aquifex aeolicus (Yama-
shita et al., 2005). Structures of these transporters have now
been determined in various conformations, beginning to reveal
the structural basis of substrate and ion binding, mechanisms
of inhibition, and mechanisms of transport.
The first published structures revealed substantial differences
in the three-dimensional fold of GltPh (Figure 3A) and LeuT
(Figure 3B), yet presented a common theme of 2-fold internal
structural symmetry and discontinuous membrane helices (Ya-
mashita et al., 2005; Yernool et al., 2004). GltPh assembles as a
bowl-shaped trimer with a large solvent-filled basin open to the
extracellular solution (Figure 3A) (Yernool et al., 2004). Each pro-
tomer in GltPh is made up of two sets of inverted repeats
(AA1BB1: Figure 3C). The first inverted repeat forms a scaffold
domain consisting of six transmembrane segments (TM1–6)
folded into a cylinder that houses the second repeat, a core
domain (Figure 3D) consisting of two reentrant helical hairpin
Figure 3. Structural Makeup of GltPh and LeuT
(A) GltPh assembles as a bowl-shaped trimer. Left, extracellular view. Right,
view parallel to the membrane. Individual monomers are colored wheat, blue,
and green.
(B) LeuT monomer, viewed parallel to the membrane.
(C) Primary structure of a GltPh monomer. First inverted repeat (AA
1: blue,
yellow) and second inverted repeat (BB1: magenta, green) displayed as
triangles.
(D) Structural relationship of internal repeat structures in GltPh. Scaffold
domain, left. Core domain, middle. Protomer fold, right. TMs colored as in (C).
(E) Primary structure of LeuT. Inverted repeat defined by gray-shaded area.
TMs 1 and 2 (A: magenta) and 6 and 7 (A1: green), as well as TMs 3–5 (B: blue)
and 8–10 (B1: yellow), are symmetrically related.
(F) Structural relationship of internal repeat structures in LeuT. Scaffold
domain, left. Core domain, middle. Protomer fold, right. TMs colored as in (E).
TMs 11 and 12 shown only in the protomer fold for clarity.
Figure 4. Outward Occluded States of GltPh and LeuT
(A) Core domain of GltPh (left). Substrate is occluded from extracellular and
intracellular solutions by a proposed external gate (HP2) and internal gate
(HP1). Right, model of the core domain gates indicating the ‘‘thin’’ and ‘‘thick’’
nature of gates.
(B) Core domain, TMs 3,10, and EL4 in LeuT (left). Residues proposed to make
up the external gate, along with EL4, are indicated. L-leucine is occluded from
both sides of the membrane. Right, model depicting the ‘‘thin’’ and ‘‘thick’’
nature of gates in LeuT.
In (A) and (B), coloring scheme as in Figure 3.
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Reviewloops (HP1 and HP2) and two transmembrane helices (TM7 and
TM8) (Figure 3C).
In contrast, LeuT is a monomer made up of 12 transmembrane
helices and with a fold resembling a shallow ‘‘shot glass’’ (Fig-
ures 3E and 3F) (Yamashita et al., 2005). In LeuT, the first tenSttransmembrane helices constitute an internal structural repeat
relating the first five helices to the second five by a pseudo-
2-fold axis parallel to the membrane plane (ABA1B1: Fig-
ure 3E). TMs 1, 2, 6, and 7 form a centrally located core domain,
while TMs 3–5 and 8–10 form a surrounding scaffold domain
(Figure 3F). For both GltPh and LeuT, the inverted repeat struc-
tural elements were not a priori predicted from sequence
analysis, but only apparent in the crystal structures. The inverted
repeats have proved integral to understanding the basic trans-
port mechanisms of GltPh and LeuT and are a common theme
for many transporters with different architectures (Abramson
and Wright, 2009; Boudker and Verdon, 2010; Forrest et al.,
2011; Forrest and Rudnick, 2009; Krishnamurthy et al., 2009).
Furthermore, the LeuT fold itself has been found in a number
of seemingly unrelated transporters, establishing the 2-fold-
related ‘‘5+5’’ transmembrane repeat as an integral aspect of
numerous transporters (Abramson and Wright, 2009; Boudker
and Verdon, 2010; Forrest et al., 2011; Forrest and Rudnick,
2009; Krishnamurthy et al., 2009), while the GltPh-like folds are
quite rare by comparison (Johnson et al., 2012).
Substrate and Ion-Bound ‘‘Outward-Occluded’’ States
In the first published structures of GltPh and LeuT, the substrates
were occluded from solution on both sides of the membrane
(Figure 4) (Yamashita et al., 2005; Yernool et al., 2004). In GltPh,
the substrate was occluded byHP2 on the extracellular side (Fig-
ures 4A and 5B), suggesting HP2 forms the extracellular gate
(Yernool et al., 2004). In LeuT, Tyr 108 and Phe 253 sequesteredructure 21, May 7, 2013 ª2013 Elsevier Ltd All rights reserved 697
Figure 5. Crystal Structures of Multiple
States in GltPh and LeuT
(A) D,L-TBOA locks GltPh in an outward-facing
state by preventing closure of HP2. Tryptophan
locks LeuT in an outward-facing state by
increasing the distance between aromatic and
charged extracellular gating residues. TMs 1a, 6b,
and EL4 are outwardly rotated in the presence of
tryptophan, widening the extracellular cavity.
(B) In the outward occluded state of GltPh, sub-
strate is trapped between HP1 and HP2. In the
outward occluded state of LeuT, substrate is
blocked from the extracellular solution by the
extracellular gate comprised of aromatic and
charged amino acids, and EL4.
(C) In the inward-facing occluded state of GltPh,
the core domain is moved toward the cytosol,
with substrate remaining trapped between HP1
and HP2.
(D) The inward-open state of LeuT is the result of
an inward tilt of TMs 1b and 6a, inwardly directed
movement of EL4, and outward movement of
TM1a. No crystal structures have been solved for
the inward-occluded state of LeuT or the inward-
open state of GltPh (indicated by ?).
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Reviewthe substrate and ion binding sites from the extracellular solu-
tion. These residues, together with residues Arg 30 and Asp
404 and the extracellular loop 4 (EL4), were proposed to form
the extracellular gate in LeuT (Figures 4B and 5B) (Yamashita
et al., 2005). Additionally, in both structures the proposed extra-
cellular gates were observed to be ‘‘thin’’ sections of protein,
while access to the substrate and ion-binding sites from the
intracellular side of the membrane was obstructed by 15–20 A˚
of ‘‘thick’’ sections of protein (Figure 4) (Krishnamurthy et al.,
2009; Yamashita et al., 2005; Yernool et al., 2004). These crystal
structures were thus proposed to represent outward-facing
occluded states of the transporters with both gates closed.
Mechanisms of Inhibition and Gating
Direct evidence supporting the proposed nature of the extracel-
lular gates in GltPh and LeuT has been provided by crystal
structures solved in complex with various inhibitors. The crystal
structure of GltPh in complex with the nontransportable, compet-
itive inhibitor D,L-threo-b-benzyloxyaspartate (TBOA) revealed a
structure in which the tip of HP2 was displaced by about 10 A˚
(Figure 5A) from its position in an aspartate-bound structure
(Figure 5B) (Boudker et al., 2007). Displacement of HP2 was
found to be due to a steric hindrance of HP2 induced by the bulky
benzyl group of TBOA (Figure 5A), with the aspartate moiety of
TBOA residing in the substrate-binding pocket (Boudker et al.,
2007). The structural basis of TBOA inhibition therefore was
revealed to be a result of competitive inhibition, locking GltPh in698 Structure 21, May 7, 2013 ª2013 Elsevier Ltd All rights reservedan outward-facing state with the extracel-
lular gate (HP2) propped open.
Like TBOA inhibition of GltPh, the
competitive inhibitor tryptophan inhibits
LeuT by displacing the substrate and
trapping the transporter in an outward-
facing conformation with the extracellular
gate locked open (Figure 5A) (Singh et al.,
2008). This conformation is largely the
result of outward rotation of TMs 1b, 6a,and EL4 and an increase in the distance between the extracel-
lular gate residues Y108 and F253 (cf. Figures 5A and 5B) (Singh
et al., 2008). Together these movements result in a widening of
the extracellular vestibule and increased solvent accessibility
to the substrate-binding site.
In contrast, LeuT crystal structures in complex with tricyclic
antidepressants (TCAs) (Singh et al., 2007; Zhou et al., 2007),
selective serotonin reuptake inhibitors (SSRIs) (Zhou et al., 2009),
and the detergent octylglucoside (Quick et al., 2009) have all
revealed a noncompetitive mechanism of transport inhibition.
This noncompetitive mechanism has been shown to be the result
of the bound inhibitor stabilizing the substrate-bound transporter
in an outward-facing occluded conformation with the extracel-
lular gate closed (Singh et al., 2007) (Zhou et al., 2007). Taken
together, the mechanism for competitive inhibition in GltPh and
LeuT appears to be the result of preventing closure of the extra-
cellular gate, while noncompetitive inhibitors (evidenced for LeuT
alone) function by trapping substrate-bound transporters in an
outward-facing occluded statewith the extracellular gate closed.
Transport Principles Revealed by Inward-OccludedGltPh
and Inward-Open LeuT States
Insight into the conformational changes from the outward- to in-
ward-facing states came from crystal structures of a crosslinked
double cysteineGltPhmutant in the inward-facing occluded state
(Reyes et al., 2009) and a mutated LeuT in the inward-facing
open state (Krishnamurthy and Gouaux, 2012).
Figure 6. Models of theOutward-Inward Transition in GltPh and LeuT
(A) The transition from the outward-occluded to inward-occluded state in
GltPh involves coordinated movement of the transport domain, which leads to
a swap of the ‘‘thin’’ and ‘‘thick’’ gates. Shown for clarity is only the core of
GltPh as depicted in Figure 3.
(B) The transition from the outward-open to inward-open state of LeuT involves
a coordinated tilt of TMs 1b and 6a, inwardly directed movement of EL4, and
uncoupled outward movement of TM1a. Color scheme is as in Figure 3. Blue
areas in (B) indicate water pathways.
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evidence for the formation of a spontaneous intramolecular
disulphide bond between two residues in EAAT1 (Ryan et al.,
2004). The homologous positions in GltPh (K55 and A364) were
observed to be greater than 25 A˚ apart in both the outward-
open and outward-occluded (Boudker et al., 2007; Yernool
et al., 2004) GltPh structures, suggesting that a large movement
was required for these residues to come into close proximity.
Crystals obtained following crosslinking K55C and A364C with
Hg2+ yielded a structure in which the substrate-binding site
was observed to move approximately 20 A˚ from its position in
the outward-facing structures to a position near the cytoplasm
(Figures 5C and 6A) (Reyes et al., 2009). In the crosslinked struc-
ture, bound L-asp andNa+were observed to be close to the intra-
cellular solution, occluded from the intracellular solution by a
‘‘thin’’ section of protein while occluded from the extracellular
solution by a ‘‘thick’’ section of protein (Figure 6A) (Reyes et al.,
2009). This structure was thus interpreted as representing an
inward-facing occluded state, with both the extracellular and
intracellular gates closed. Superimposition of the outward-
open, outward-occluded, and inward-occluded states revealedStthat TM1, TM2, TM4, and TM5 are invariant in position (Reyes
et al., 2009). In contrast, the other parts of the protein, housing
the substrate and ion binding sites (TM3, TM6, HP1, TM7, HP2,
and TM8), undergo substantial conformational change. GltPh
was thus proposed to comprise two structural domains, the ‘‘tri-
merization’’ domain (TM1, TM2, TM4, and TM5) and the ‘‘trans-
port’’ domain (TM3, TM6, HP1, TM7, HP2, and TM8) (Reyes
et al., 2009). The trimerization domain consists mainly of the first
internal repeat, whereas the transport domain comprises mainly
the second internal repeat. This structure suggests that the tran-
sition between the outward-facing state to the inward-facing
state involvesmovement of the transport domainwithin the frame
of a rigid trimerization domain (Figure 6A) (Reyes et al., 2009). No
crystal structure of the inward-facing open state of GltPh has
been published, leaving it unclear how ions and substrate obtain
access to the cytoplasm (but see below for modeling studies).
At present, no crystal structure defines a LeuT inward-facing
occluded state. However, recently a LeuT structure in the
inward-facing open state was published (Figure 5D) (Krishna-
murthy and Gouaux, 2012). Comparison of LeuT structures in
the outward-open and outward-occluded states with the
inward-open state indicates that the conformational changes
are not strictly those of a ‘‘rocker switch’’ (Figure 6B) (Krishna-
murthy and Gouaux, 2012). The core domain does not move
as a rigid body, as in a rocker-switch mechanism. Instead, only
a portion of the core moves as a unit, so that symmetry of the
inward- and outward-facing conformations is not strictly pre-
served (Figure 6B). The transport mechanism in LeuT thus
appears to exploit local hinge-like movements that lead to the
coordinated opening and closing of both ‘‘thin’’ and ‘‘thick’’
extracellular and intracellular gates (Figure 6B). In contrast, crys-
tal structures of other transporters with the LeuT fold in outward-
and inward-facing states are suggestive of a more strict rocker-
switch mechanism. The adherence to a strict rocker-switch
mechanism or amore local hinge-like mechanism likely depends
on the individual transporter in question (Abramson and Wright,
2009; Boudker and Verdon, 2010; Forrest et al., 2011; Forrest
and Rudnick, 2009; Jeschke, 2013; Krishnamurthy et al., 2009).
Remarkably, models similar to the crystals structures for the
inward-facing states of GltPh and LeuT were generated indepen-
dently of the crystal structures by utilizing the inverted-topology
repeats in GltPh and LeuT and assuming that the inward-facing
states could be modeled by threading the sequence of the first
part of each repeat on the structure of second part of each repeat
and vice versa (Crisman et al., 2009; Forrest et al., 2008).
The crystal structures of transporters in different states indi-
cate what type of conformational changes the transporters un-
dergo. However, one also needs to understand the principles
by which the binding of ions and substrate are coupled to these
conformational changes. In this review, we focus on how binding
of substrate and Na+ are coupled to the conformational changes
in the transport cycle. On the role of other ions in neurotrans-
mitter transporters, see a number of excellent reviews (Danbolt,
2001; Grewer and Rauen, 2005; Kristensen et al., 2011).
Substrate and Ion Binding
Substrate
In a high-resolution structure of GltPh crystallized in the presence
of L-aspartate (Boudker et al., 2007), aspartate is located deep inructure 21, May 7, 2013 ª2013 Elsevier Ltd All rights reserved 699
Figure 7. Substrate and Sodium Binding
Sites in GltPh and LeuT
(A) Aspartate and two thallium ions in the crystal
structure of GltPh.
(B) Potential Na+ sites in simulations of GltPh.
(C) Leucine and two Na+ in the crystal structure
of LeuT.
(D) Two Na+ in LeuT. Leucine removed for clarity.
Side chains and backbones interacting with sub-
strate and cations are shown in (A)–(D) as stick.
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a-helical region of TM7, and polar residues of TM8 (Figure 7A).
Several residues that contribute to the substrate-binding site in
this GltPh structure have also been implicated in substrate bind-
ing by mammalian EAATs. For example, R397 interacts with the
b carboxylate of aspartate in the crystal structures of GltPh
(Figure 7A) (Boudker et al., 2007). The homologous R447 in
EAATs has been suggested to interact with the g carboxylate
of the acidic substrate (Bendahan et al., 2000). Interestingly,
the residue homologous to R447 is a neutral residue in the
related ASCT neutral amino acid transporters (Bendahan et al.,
2000; Boudker et al., 2007).
All LeuT structures with bound substrate show a substrate
molecule accommodated in a common site (termed S1) together
with two Na+ ions (Figure 7C) (Yamashita et al., 2005). The sub-
strate and the two Na+ are located in a central cavity formed by a
four-helix bundle comprised of TM1, TM3, TM6, and TM8
(Yamashita et al., 2005). In the substrate-binding site the polar
a-amino and a-carboxylate groups of the amino acid substrate
interacts with a phenolic hydroxyl moiety from Tyr108 in TM3,
one Na+, and the unwound regions of TM1 and TM6. The sub-
strate is stabilized by hydrogen bonds with the backbone of
TM1 and TM6 and by interacting with the ends of these a helices
(Figure 7C). The hydrophobic side chain of the substrate is
accommodated by hydrophobic side chains from TM3, TM6,
and TM8. The residues forming the S1-substrate-binding site
are conserved between LeuT and the NSS family of transporters
and several S1 residues are important for substrate selectivity
and affinity in NSS transporters (Kristensen et al., 2011), sug-
gesting that the S1 site is conserved in NSS transporters.
Comparison of the substrate-binding sites in GltPh and LeuT
shows that the substrate-binding site in GltPh is entirely within
the core of the transport domain, whereas in LeuT the sub-700 Structure 21, May 7, 2013 ª2013 Elsevier Ltd All rights reservedstrate-binding site is on the interface
between the transport and scaffold
domains. But, GltPh and LeuT share com-
monalities in the way the substrates are
bound, including the heavy involvement
of the nonhelical regions of the trans-
membrane segments and involvement
of backbone polar groups in substrate
coordination.
Na+
Na+ was replaced with Tl+ in a GltPh crys-
tal structure for its higher anomalous
scattering signal (Boudker et al., 2007).
Two Tl+ ions observed bound to GltPh
were labeled Na1 and Na2 (Boudkeret al., 2007). Na1 is buried deeply in the transporter structure
and is mainly coordinated by residue D405 in TM8 (Figure 7A).
Na2 is coordinated by backbone oxygen atoms of the tip of
HP2 and the unwound section in the center of TM7, close to
extracellular solution (Figure 7A). Experimental studies lend sup-
port that the two Tl+ in the crystal structure represent Na+ binding
sites (Boudker et al., 2007; Tao et al., 2008; Teichman et al.,
2009).
However, three Na+ are cotransported with one substrate in
each GltPh transport cycle (Groeneveld and Slotboom, 2010),
similar to EAATs (Zerangue and Kavanaugh, 1996). This raises
the question of where the third Na+ ion binds and what role
this Na+ plays in the transport mechanism. Computations and
experiments have not yet produced a consensus regarding the
location of the third Na+ site (Teichman et al., 2012; Bastug
et al., 2012; Bendahan et al., 2000; Holley and Kavanaugh,
2009; Huang et al., 2009; Larsson et al., 2010; Rosental et al.,
2006; Ryan et al., 2009; Shrivastava et al., 2008; Tao et al.,
2010). For example D312 in TM7 and T92 in TM3 have been sug-
gested to form a Na3 site that binds Na+ prior to substrate bind-
ing (Figure 7B) (Bastug et al., 2012; Huang and Tajkhorshid,
2010; Tao et al., 2010). Another study proposed this site to be
a transiently occupied site (called Na30), because a Na+ bound
at this location was electrostatically destabilized by a Na+ bound
at the Na1 site (Larsson et al., 2010). This study proposed
another Na3 site, involving the side chains of T314 and N401
and, interestingly, the charged b-carboxylate group of the bound
substrate (Figure 7B) (Larsson et al., 2010). Direct substrate-ion
contact had been previously suggested by electrostatic map-
ping (Holley and Kavanaugh, 2009) and is similar to what has
been found in LeuT (Yamashita et al., 2005). Direct contact of
Na3 with the substrate could explain the observation that the
apparent affinity for different acidic amino acids depends on
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the findings that mutants of residues homologous to N401 and
T314 both alter cation and substrate selectivity (Larsson et al.,
2010; Teichman et al., 2012).
With evidence for more Na+ sites than the number of trans-
ported Na+, we propose that the three transported Na+ go
through one or more intermediate binding sites before finalizing
their binding positions. Consistent with this idea, another site,
formed by a conserved aspartate residue together with a tyro-
sine and located at the external end of the binding pocket, is pro-
posed to be a transient Na+ site, through which one or more of
the Na+ have to pass on their way to other binding sites (Rosental
et al., 2011). To further determine the location and function of the
different proposed Na+ binding sites, additional functional and/
or computational approaches are required, including techniques
allowing for manipulation of the backbone carbonyls which
contribute extensively to Na+ binding in GltPh and likely in EAATs.
Structures of LeuT obtained in the presence of substrate and
Na+ reveal two distinct Na+ sites, termed Na1 and Na2, in the
S1 binding pocket (Yamashita et al., 2005). The Na1 and Na2
sites coordinate Na+ by six and five oxygen ligands, respectively.
(Figure 7D). The Na1 site is highly conserved among the NSS
family. In the Na2 site, residues G20, V23, A351, and S355 in
TM1 and TM8 are also well conserved in eukaryotic SLC6 trans-
porters. The Na+ at Na1 interacts directly with the substrate
a-carboxyl group and, according to computer simulations, the
strong electrostatic field generated by the carboxylate of leucine
appears to control the selectivity for Na+ at the Na1 site. Na1 is
suggested to bind Na+ before substrate binding (Yamashita
et al., 2005). Consistent with this binding order, in a recent
Na+-bound, substrate-free structure of LeuT in which the
‘‘thin’’ extracellular gate is open, Na+ binding at Na1 is observed
to impart a stabilizing effect on TMs 1b and 6a, proposed to be
an important aspect for subsequent substrate binding (Krishna-
murthy and Gouaux, 2012). Selectivity for Na2 seems to be
driven by the local structure constraints of the cavity created
by the five neutral coordinating oxygen ligands. Although Na+
binding sites similar to Na1 and Na2 exist in the mammalian
NSS transporters, the precise role of Na+ occupation of these
sites for substrate binding and translocation remains largely un-
known inmammalian NSSs.More functional data addressing the
role of each site in the individual NSS members are needed.
Interestingly, in other sodium-coupled transporters that belong
to different families (other than NSS) and have low overall
sequence similarity, but share the LeuT-type fold, biochemical
and structural studies have identified Na2 as being highly con-
served, whereas Na1 is less conserved (Khafizov et al., 2012).
This suggests that sodium binding to Na2 is integral to the
sodium-coupling mechanism in transporters with the LeuT-
type fold (see below for more details on possible role of Na2).
The amino acid sequence and three-dimensional structures of
GltPh and LeuT are unrelated, yet they share similarities in the
local protein organization and the coordination of the Na+ sites
(Boudker et al., 2007). This suggests that Na+-dependent trans-
porters might possess a common Na+-binding motif, for ex-
ample, the unwound transmembrane segments of GltPh (TM7)
and LeuT (TM1) (Boudker et al., 2007). In addition, both Na1
and Na2 are formed, in part, by coordinating carbonyl oxygen
atoms occupying nearly equivalent positions in GltPh and LeuT.StAlternating Access Model Meets Structure
Starting from crystal structures of GltPh and LeuT obtained in
various conformations, both computational studies and struc-
ture-based experiments are beginning to uncover the dynamics
of the transport by EAAT and NSS. Here, we focus on how Na+
and substrate binding are coupled to the gates of the transporter
and the transitions in the transport cycle.
Dynamics of the Extracellular Gate
If a cotransporter with either only substrate or ions bound is
allowed to switch from outward-to-inward facing (Figures 2D
and 2E), it would allow a leakage, with consequences for the
stoichiometry and energy efficiency of transport. In both EAATs
and NSSs, the binding of at least one Na+ precedes the binding
of substrate (Grewer and Rauen, 2005; Krishnamurthy and
Gouaux, 2012; Larsson et al., 2004). What are the structural
implications of Na+ binding prior to substrate binding? As
mentioned above, in both LeuT and GltPh one of the Na
+ seems
to form part of the substrate-binding site. In addition, Na+ bind-
ing also seems to have effects on the gates, in ways that prevent
leakage.
Molecular dynamics simulations of GltPh (Huang and Tajkhor-
shid, 2008; Shrivastava et al., 2008) showed fluctuations of the
extracellular gate (HP2) between the closed and open conforma-
tions in the apo state and in the presence of Na+ alone without
substrate (Huang and Tajkhorshid, 2008). However, electron
paramagnetic resonance experiments on spin-labeled GltPh
suggested that in the presence of Na+ HP2 is biased toward a
more open conformation, whereas in the apo state HP2 occupies
a more closed conformation (Focke et al., 2011), consistent with
crosslinking studies on GltPh in the apo state (Reyes et al., 2009).
A recent simulation study suggested that the binding of Na+ sta-
bilizes a state of HP2 intermediate between open and closed
(Grazioso et al., 2012). A possible interpretation of these exper-
iments and simulations is that HP2 fluctuates between closed
and open. In the apo state, HP2 is biased toward the closed state
and, in the Na+-bound state, HP2 is biased toward an open state
(Figure 8A). The stabilization of HP2 in the open state (Figure 8A)
would prevent isomerization to the inward-facing state in the
presence of Na+ alone (in the absence of substrate). Interest-
ingly, similar findings have been reported for LeuT. For LeuT in
the apo state, simulations show fluctuations in the extracellular
gate (Celik et al., 2008; Claxton et al., 2010), with a bias for the
inward-facing state (Shi et al., 2008). The binding of Na+ in the
absence of substrate has been shown to promote an outward-
open conformation of the extracellular gate of LeuT (Figure 8B)
(Celik et al., 2008; Claxton et al., 2010; Shi et al., 2008). A recent
crystal structure of LeuT in the presence of Na+ alone, in
which the extracellular gate is open, further supports the idea
that Na+ binding stabilizes the open gate (Krishnamurthy and
Gouaux, 2012).
This model is a structural correlate to the model of cotransport
in which isomerization of the transporter from an outward- to
an inward-facing state is prevented when only Na+ is bound
(Figure 8). The subsequent binding of substrate (and additional
ions) is predicted to bias the transporter toward a closed confor-
mation (Figure 8). Indeed, in GltPh, substrate (aspartate) binding
is observed computationally and experimentally to induce a
closure of the extracellular gate (Focke et al., 2011; Grazioso
et al., 2012; Huang and Tajkhorshid, 2008), with Na+ binding toructure 21, May 7, 2013 ª2013 Elsevier Ltd All rights reserved 701
Figure 8. Models of the Transport Mechanism in GltPh and LeuT
In the outward-facing apo state (1) external gate movements (HP2 in GltPh and
TMs1b, 6a and EL4 in LeuT) allow for sodium binding, which stabilizes an
outward-facing open state (2). This sets up a binding site for substrate and
additional ion(s), leading to formation of an outward-occluded state (3).
Transition to an inward-facing occluded state (4) involves piston-like motion of
the transport domain (magenta and green) relative to the trimerization domain
(gray) in GltPh and inwardly directed movement of EL4 and a coordinated tilt of
TMs 1b,6a in LeuT. Release of the first sodium (Na2) leads to opening of the
intracellular gate (HP1 in GltPh and TM1a in LeuT) (5) and subsequent release of
substrate and additional ion(s). In the inward-facing apo state (6), the intra-
cellular gate closes to allow for transition to the outward-facing apo state.
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bilize the closed state (Figure 8A) (Grazioso et al., 2012; Huang
and Tajkhorshid, 2008; Shrivastava et al., 2008). Similarly, in
LeuT, substrate binding in the presence of Na+ shifts the confor-
mation from an outward-facing open state to an outward-facing
occluded state (Figure 8B), reducing extracellular gate fluctua-
tions and preventing access to the binding sites (Celik et al.,
2008; Claxton et al., 2010; Shi et al., 2008).
Outward-to-Inward-Facing Transition
In both GltPh and LeuT, the transition between the outward- and
inward-facing conformation is largely due to the movements of
the core domain relative to the scaffold domain (Figures 6 and 8).
Computational studies in GltPh suggest that the transition from
the outward-facing to the inward-facing state involves unequal
movements of the trimerization and transport domain in opposite
directions, together with a tilt in the transport domain with
respect to the membrane (Stolzenberg et al., 2012). These
motions result in significant changes in contacts between the tri-
merization and transport domains and are in line with a recent702 Structure 21, May 7, 2013 ª2013 Elsevier Ltd All rights reservedcrystal structure of GltPh captured in an intermediate state
(Verdon and Boudker, 2012). This study also observed a confor-
mational change involving the TM3–4 loop during the transport
process, consistent with a recent experimental study that sug-
gested that the TM3–4 loop is essential for transport in GltPh
(Compton et al., 2010). Another simulation study (Lezon and
Bahar, 2012) suggests that the lateral pressure of the membrane
on the transporter help guide the protein in the inward-to-out-
ward isomerization in GltPh. Consistent with experimental evi-
dence in EAATs and GltPh crystal structures, both simulation
studies observed structural asymmetry of the different subunits,
providing further evidence of the independent nature of individ-
ual subunits (Grewer et al., 2005; Groeneveld and Slotboom,
2007; Koch et al., 2007; Koch and Larsson, 2005; Leary et al.,
2007). In summary, the modeling studies on GltPh are consistent
with the large piston-like movement of the transport domain with
respect to the trimerization domain in the transition between out-
ward-facing to inward-facing states (Figures 6A and 8A) (Reyes
et al., 2009).
For LeuT, the transition from outward-to-inward facing is more
complicated and controversial. A model for the inward-facing
state of LeuT based on structural repeats initially suggested
the possibility of a rocker-switch mechanism of alternating
access (Forrest et al., 2008). However, recent crystal structures
suggest that LeuT may not strictly adhere to a rocker-switch
mechanism, but that the transition from outward-to-inward
involves a combination of rocker-switch and two-gated pore
models (Figure 6B and 8B) (Krishnamurthy and Gouaux, 2012).
In addition, computational and experimental studies have pro-
posed that the binding of a second substrate molecule at a
secondary site (S2) is required for the outward-to-inward transi-
tion and subsequent substrate and ion release (Shan et al., 2011;
Shi et al., 2008; Zhao et al., 2010, 2011). At the present time, it is
unclear whether binding at the S2 site is necessary or not (Pisci-
telli and Gouaux, 2012; Quick et al., 2012; Wang et al., 2012).
Nonetheless, recent reports point to a complex transport mech-
anism: a combination of local conformational change and rigid
body movements in LeuT (Krishnamurthy and Gouaux, 2012;
Shaikh and Tajkhorshid, 2010; Zhao and Noskov, 2011; Zhao
et al., 2011).
Dynamics of the Intracellular Gate
How are ions and substrate released to the cytoplasm in GltPh
and LeuT? The inward-facing crystal structure of GltPh is in an
occluded state (Reyes et al., 2009), with no access of the sub-
strate to the cytosol. A computational model of the inward-facing
open state, in which HP1 is assumed to be the intracellular gate,
was generated based on the TBOA-bound structure of GltPh and
the assumption that HP1 in the inward-facing open state adopts
the same conformation as HP2 in the TBOA-bound outward-fac-
ing open state (Crisman et al., 2009). Two recent simulation
studies point to the dissociation of Na2 as the trigger for intracel-
lular release (DeChancie et al., 2011; Grazioso et al., 2012).
Following dissociation of Na2, HP1 is observed to allow water
molecules to enter the region and initiate release of the substrate
and ions via an increase in the flexibility of HP1 (Figure 8A).
Following the release of Na1, HP1 undergoes large fluctuations
similar to what is observed for HP2 in the outward-facing apo
state. These fluctuations in HP1 are hypothesized to allow HP1
to close and thereby enable the binding pocket to translocate
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posal for GltPh based on electron paramagnetic resonance
(EPR) measurements (Focke et al., 2011).
The structure of LeuT in the inward-facing open state suggests
a potential mechanism of how ion release is coupled to trans-
porter opening to the cytoplasm: the release of Na2 and a
conformational change involving hinge movement in TM1a
create conditions favorable for subsequent substrate and ion
release (Figures 6B and 8B). Computational models of the
inward-facing state(s) supports that hydration of Na2 play a
prominent role in the substrate/ion release in LeuT, similar to
the proposed role of Na2 in substrate release in GltPh (Shaikh
and Tajkhorshid, 2010; Zhao and Noskov, 2011).
General Mechanisms
Even if crystal structures show structural differences between
GltPh and LeuT, we think that general mechanistic principles
shared by sodium-coupled neurotransmitter transporters can
be drawn from GltPh and LeuT (Figure 8). We propose the
following general mechanism for sodium-coupled neurotrans-
mitter uptake. In the outward-facing apo state, the extracellular
gate fluctuates, allowing access for Na+ to its binding sites.
The binding of extracellular Na+ to the transporter stabilizes
the outward-facing open state, preventing Na+ leakage and
creating a high-affinity substrate-binding site. At least one of
the bound Na+ seems to become part of the substrate-binding
site in both GltPh and LeuT. Following substrate (and potentially
additional ion) binding, the extracellular gate closes and a transi-
tion to the inward-facing occluded state occurs. In GltPh, this
process involves a piston-likemovement of the transport domain
with respect to the trimerization domain, whereas in LeuT the
core domain undergoes a combination of rocking-bundle and
local hinge movements with respect to the scaffold domain. In
the inward-facing state, the initial event triggering substrate
release appears to be the release of Na2. Following release of
Na2, the closed state of the intracellular gate is destabilized,
leading to release of further ions and substrate. In both GltPh
and LeuT, we propose that in the inward-facing apo state the
intracellular gate continuously opens and closes, resulting in
the ability of the intracellular gate to close so that the transporter
can transit from the inward-to-outward-facing state and,
thereby, complete the transport cycle (Figure 8).
Conclusions
Recent crystal structures of bacterial transporter homologs and
recent functional and computational studies of neurotransmitter
transporters and their archaeal/bacterial homologs have gener-
ated hypotheses for how the EAATs and the NSS transporters
accomplish Na+-coupled neurotransmitter uptake. However,
not all states in the transporter cycles have yet been identified
in the archaeal/bacterial transporters, and still no crystal struc-
ture is available for any eukaryotic neurotransmitter transporter.
In addition, many of the states proposed from existing crystal
structures still need to be verified by other methods, such
as EPR and fluorescence resonance energy transfer (FRET).
Controversies have erupted in both the fields of NSS and EAATs.
For example, which site is the real third Na+ site in EAATs? And,
are there one or two substrate sites in NSS transporters? More
crystal structures might help in solving these controversies.StBut, also longer molecular dynamic simulations (and other com-
puter simulation techniques) of transporters, as well as structural
measurements from, for example, DEER, EPR, and new FRET
techniques, will help in generating models of the complete trans-
port cycle in these transporters. Finally, knowledge of the
different states in the transporter cycles at a molecular level
will help in developing new drugs that target neurotransmitter
transporters to cure or alleviate disorders and diseases.
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